The transverse mass m t distributions for deuterons and protons are measured in Pb+ Pb reactions near midrapidity and in the range 0 Ͻ m t − m Ͻ 1.0 ͑1.5͒ GeV/ c 2 for minimum bias collisions at 158A GeV and for central collisions at 40 and 80 A GeV beam energies. The rapidity density dn / dy, inverse slope parameter T and mean transverse mass ͗m t ͘ derived from m t distributions as well as the coalescence parameter B 2 are studied as a function of the incident energy and the collision centrality. The deuteron m t spectra are significantly harder than those of protons, especially in central collisions. The coalescence factor B 2 shows three systematic trends. First, it decreases strongly with increasing centrality reflecting an enlargement of the deuteron coalescence volume in central Pb+ Pb collisions. Second, it increases with m t . Finally, B 2 shows an increase with decreasing incident beam energy even within the SPS energy range. The results are discussed and compared to the predictions of models that include the collective expansion of the source created in Pb+ Pb collisions.
I. INTRODUCTION
In the study of the evolution of nuclear systems created in relativistic heavy ion collisions [1] , emitted nucleons and light nuclei carry important information on dynamics of nuclear interactions. There is evidence that in the early stage of high energy nucleus-nucleus collisions the nuclear matter is highly compressed and hot, reaching energy densities an order of magnitude greater than that of normal nuclear matter [2] . This system (fireball) expands and cools, and the interaction among the particles finally ceases. It is in the latest stage of the evolution of the fireball, called the stage of freeze-out, that fragile light nuclei, in particular deuterons, are formed. Due to their small binding energy it is improbable that they survive repeated collisions inside the fireball. They are also unlikely to be the fragments of the projectile or the target because of the violence of heavy ion collisions. Thus, the observed deuterons are believed to be created by coalescence of protons and neutrons at freeze-out.
In general, coalescence models relate the invariant yield of light nuclei with mass A to the Ath power of the proton yield [3] , assuming the neutron and proton distributions to be identical:
The coalescence factor B A , which characterizes the coalescence probability, depends on the fireball size as well as its internal dynamics. It can be measured in the experiment and used for estimating the reaction volume in which the composite particles are created. Several prescriptions were proposed to calculate a source radius from the B A parameter [4] [5] [6] [7] . In these models the coalescence parameter scales with the reaction volume as B A ϰ ͑1/V͒ A−1 . Originally simple momentum-space coalescence models [8] , which assumed coalescence to take place between nucleons with a small momentum difference, successfully described early measurements of light nuclei production in nucleus-nucleus collisions at Bevalac and SIS energies of 0.2-2.0 A GeV [9, 10] . Furthermore, the B 2 values obtained for these low energy A + A collisions and for p + A collisions at the CERN SPS and FNAL [11] turned out to be relatively independent of the beam energy and the size of the colliding systems.
However, in heavy ion collisions at the typical AGS energies of 10-14 A GeV [12] [13] [14] [15] [16] and at 158A GeV at CERN [17] [18] [19] B A was found to be an order of magnitude smaller. This observation was attributed to the larger source volume due to hydrodynamic expansion of the collision zone before freeze-out, a phenomenon not expected to appear at low energy A + A and high energy p + A collisions mentioned above. Thermal and density matrix coalescence models [5, 6] had already been developed which considered a significant expansion of the collision volume, albeit no correlations between position and momentum of the nucleons. The presence of collective motion (flow) leads not only to an expansion of the collision volume but also to significant positionmomentum correlations between particles at freeze-out [20] [21] [22] affecting the process of cluster formation. Indeed, the overall expansion of the system tends to reduce the coalescence probability B A by spatially isolating nucleons from each other, whereas the collective flow increases B A . Radial flow makes it more likely for nucleons close in configuration space to have also similar momenta. Thus cluster formation becomes more probable.
Advanced coalescence models [23] [24] [25] have recently been developed for systems with strong collective expansion and a large source volume. It was found that the inverse slope systematics of proton and deuteron inclusive transverse mass spectra, and the dependence of B A on the transverse momentum both arise from an interplay of transverse flow and the radial dependence of the nucleon density. In this context, an experimental study of the production of light nuclei at different beam energies and collision centralities is of great importance since it may help to disentangle the competing effects governing nuclear cluster formation.
New measurements of proton and deuteron production, both in centrality selected Pb+ Pb collisions at top SPS energy, 158A GeV, and in central Pb+ Pb collisions at 80 and 40 A GeV are presented in this paper.
II. EXPERIMENTAL METHOD
The experiment was carried out with the NA49 large acceptance hadron detector [26] using external 208 Pb ion beams with energies of 40, 80, and 158 GeV per nucleon produced by the CERN SPS. Charged particles emitted from collisions in a Pb target of 224 mg/ cm 2 thickness (equivalent to 0.47% interaction length) are detected over a large fraction of phase space by tracking in four large volume time projection chambers (TPCs). Two of them (vertex TPCs) are located inside the magnetic field, the two others (main TPCs) are placed downstream of the magnets on either side of the beam line. Particle momentum and velocity are determined from tracking through the magnetic field and measuring the specific energy loss dE / dx in the TPC gas with a resolution of about 4%. Two 2.2-m 2 time-of-flight (TOF) walls containing 891 scintillator pixels each are situated symmetrically behind the main TPCs on both sides of the beam. The average overall time resolution of these detectors is 60-70 ps. In this analysis, the identification of protons and deuterons was primarily accomplished by the TOF measurement, the dE / dx information from the large TPCs being employed to eliminate the background of charged pions and kaons. To demonstrate the TOF identification capability, a sample of the mass spectra obtained from measured momenta and time of flight are shown in Fig. 1 .
Online event characterization and triggering is accomplished by beam definition detectors located in the beam line upstream of the target and interaction counters and calorimeters downstream of the target. The data samples were recorded with two trigger settings, providing the selection of central and minimum bias events.
For central Pb+ Pb collisions, the primary trigger detector is a zero degree calorimeter (ZDC) located downstream of the detector behind a collimator, which measures the energy E ZDC of the remaining projectile fragments and spectator protons and neutrons. The upper limit on the energy in the ZDC was set to accept the 12% most central events at 158A GeV and 7% at 40 and 80 A GeV from all inelastic Pb+ Pb collisions.
For the selection of minimum bias Pb+ Pb collisions, a Cherenkov counter in the gas region immediately behind the target is used to veto noninteracting projectiles. Triggering is accomplished by placing an upper threshold on the signal from this Cherenkov counter in coincidence with a valid signal from the beam detectors. Additionally, offline cuts were made on the z position of the fitted primary vertex along the beam direction to minimize the fraction of nontarget background events.
III. DATA ANALYSIS AND RESULTS
For the present study of 158A GeV Pb+ Pb collisions 320 000 central and 735 000 minimum bias events were used. Centrality samples of Pb+ Pb collisions were selected subdividing the range of energy E ZDC measured in the ZDC into six bins. In each centrality bin, a direct estimate of the number of participating nucleons N part is made by calculating the net baryon number carried by all particles emitted from the collision into the phase space region outside the spectator region [27] . For this calculation, the charged particle spectra measured in the NA49 experiment for almost the full forward hemisphere [27] [28] [29] were used with only a small extrapolation out to the beam rapidity. VENUS [30] and RQMD [31] event generators were employed to relate ͗N part ͘ to the range of the impact parameter b.
In a second approach, an estimate of the number of spectators in an event via a direct measurement of the energy deposited in the ZDC by projectile spectators was used. This method relies on both the event generator and a GEANT simulation of the calorimeter response. The above estimates of N part from the measured final spectra and the energy in the ZDC agree well. The mean value from these estimates was used for ͗N part ͘, and their spread was considered to estimate the systematic uncertainty. They are shown in Table I representing numerical values of centrality parameters used in the analysis. The estimate of the impact parameter b is also based on the E ZDC measurement through the correlation of b with the energy in the ZDC in the simulation. In addition, the number of wounded nucleons ͗N W ͘ was obtained from a Glauber calculation using the spectator-participant model of nucleus-nucleus collisions.
The data analysis procedure included the following steps. Tracks reconstructed in the TPCs having momentum and dE / dx information were extrapolated to the TOF detector wall and assigned a mass squared value m 2 derived from the momentum and the time-of-flight measurement. Further, only those tracks were accepted for analysis which had a single hit in a scintillator pixel of the TOF detector, i.e., double hits and conversion pairs from ␥s in the scintillator were rejected, and relevant inefficiency corrections have been applied to the particle yields. The sum of the losses as determined experimentally from the TPC tracking data (double hit) and the charge measurements in the TOF (␥ conversion) amounts to 25% on average, with a maximum of 30% in the region of the TOF wall closest to the beam.
Tracks were then subjected to identification cuts applied to the dE / dx and m 2 values in order to select deuterons or protons and to reject pions and most of the kaons. These cuts were chosen in order to optimize the rate of deuterons (protons) and to minimize the background contribution stemming mostly from the other charged particles. Correction factors for deuteron (proton) loss and residual background contamination due to the cuts were estimated from the experimental dE / dx and m 2 distributions using their parametrized description obtained from the fit. The background and particle losses were negligible in the momentum range up to p = 5.0 GeV/ c reaching about 20% at highest momenta of p = 10.0-12.0 GeV/ c.
The identified protons are contaminated by protons from weak decays of strange baryons (feed-down protons) that were incorrectly reconstructed as tracks from the primary vertex. They were subtracted from the proton spectra in order to obtain the true proton distribution at freeze-out. This background correction was obtained from a GEANT-based Monte Carlo simulation of the decay of ⌳ and ͚ hyperons and reconstruction of their charged decay products. For generating representative phase space distributions of the decaying hyperons recent results from the SPS experiments WA97 [32] and NA49 [33] on ⌳ production including those from ͚ 0 decays were used. The small fraction of protons from ͚ + decays was calculated using the RQMD model simulation.
The overall contribution of feed-down protons was found to be 20-25 % and almost independent of the collision centrality. The calculated m t -spectra of feed-down protons are well described by an exponential function with inverse slope parameter T values gradually changing from 240 MeV to 205 MeV from the most central to the peripheral bins, respectively. Since a large part of the feed-down comes from ⌳ hyperons, the estimated systematic uncertainty of the feeddown correction is relatively small ͑5-10 %͒ and depends only slightly on the collision centrality.
The data were corrected for geometrical acceptance losses using the Monte Carlo simulation of the detector in GEANT. The track reconstruction efficiency was determined by simulation using the method of embedding tracks into real events. The tracking efficiency was found to be nearly 100% in the kinematical range covered by the TOF acceptance.
After all corrections mentioned above, the invariant transverse mass (m t = ͱ p t 2 + m 2 , m-particle mass) spectra for deuterons and protons were obtained (see Fig. 2 ). The m t dependence was fitted by the sum of two exponential functions,
the first of them containing the inverse slope T for m t − m Ͼ 0.2 GeV/ c 2 ͑to be quoted hereinafter͒ where no deviation from a single exponential is visible, and the second one describing a deficit from this exponential at low m t which is estimated to diminish from nearly 10% to almost zero for the most central and peripheral bins, respectively, as compared to the total yield. This expression is found to describe the data well, especially in central interactions where the deviation from the Boltzmann-type distribution is more pronounced.
The numerical values for the inverse slope T and the particle yield dn / dy are given in Table II . The total yield dn / dy was obtained by integrating the transverse mass spectra over the whole m t range using the fitted function of Eq. (2). The table contains also the values of the mean transverse mass ͗m t ͘ − m. To obtain ͗m t ͘ averaged over the full kinematical range, an extrapolation to high m t was made. This extrapolation is typically less than 10% and 20% for protons and deuterons, respectively, and was done by using the fitted function of Eq. (2). The sources of considered systematic uncertainties include possible errors in the determination of the efficiency corrections, in particular those for selection of single track hits in the TOF pixels as well as those for particle identification and background subtraction. The subtraction is particularly relevant to the deuterons at the highest momenta and the most peripheral bins which have relatively poor statistics. For protons, an additional systematic error is contributed by the feed-down corrections. The estimate of the particle yield dn / dy represents an extrapolation into unmeasured regions under the explicit assumption of a certain shape of the m t distribution. For the deuteron results, the systematic errors do not exceed the statistical errors. Resulting total errors for the inverse slope parameters T are 40-50 MeV, almost independent of centrality. For the particle yield dn / dy, they vary from 15% to 30% for central and peripheral bins, respectively. The overall uncertainty of the proton results receives about equal contributions from statistical and systematic errors and is estimated to be Ϸ15 MeV for T. For dn / dy, it slightly increases from 5% to 10% from the most central to the peripheral bins, respectively.
Invariant spectra were also obtained at beam energies of 40 and 80 A GeV for the 7% most central Pb+ Pb collisions which corresponds to a mean number of participating nucleons of ͗N part ͘ = 349. The data are measured close to midrapidity, namely, in the rapidity range of 1.7Ͻ y Ͻ 2.2 for deuterons and 1.9Ͻ y Ͻ 2.3 for protons at 40A GeV ͑y c.m. = 2.22͒, and 1.8Ͻ y Ͻ 2.3 for deuterons and 2.1Ͻ y Ͻ 2.5 for protons at 80A GeV ͑y c.m. = 2.56͒.
The number of analyzed events was about 400 000 for 40A GeV and 300 000 for 80A GeV. Analysis of the data was performed in the same manner as for 158A GeV. For the proton feed-down correction, the NA49 results [33] on ⌳ production at 40 and 80 A GeV obtained from the same data sample were used. Figure 3 depicts the deuteron and proton spectra for all three energies together with fits by the double exponential function Eq. (2). Again, an obvious deviation from a single exponential shape is seen. The numerical values of the particle yield dn / dy, inverse slope T, and the mean transverse mass ͗m t ͘ − m are listed in Table III .
IV. DISCUSSION
The transverse mass spectra for deuterons in Pb+ Pb collisions at 158A GeV are observed to be significantly harder than those for protons, especially in central collisions. This is illustrated in Fig. 4 where the average transverse mass ͗m t ͘ − m is plotted as a function of the number of participating nucleons N part . For all centralities, ͗m t ͘ − m is larger for deuterons and this effect is most pronounced in central collisions. It is also seen that the mean transverse mass of deuterons and protons decreases with diminishing centrality converging approximately to a single value of ͗m t ͘ − m Ӎ 200-250 MeV/ c 2 in the most peripheral interactions. A similar trend with the collision centrality is observed for inverse slopes.
From central data at 40, 80, and 158 A GeV, there is clear evidence that the m t spectra for both deuterons and protons get flatter with increasing incident energy. An obvious deviation from a single exponential at small m t , the so called "shoulder-arm shape" of the transverse mass distributions [34] , is observed for all three energies. The above observations, an increase with mass of the inverse slope parameter, a deviation of the m t spectra from an exponential shape at small transverse mass as well as the evolution of these features with centrality and beam energy are the predicted characteristics of radial collective expansion [20] [21] [22] . In agreement with the measurement these are expected to be stronger in central than in peripheral collisions.
Transverse mass spectra at the top SPS energy have been studied by several experiments. It was realized that the inverse slope T of the transverse mass distribution increases steadily with the mass of the considered particle (for a review see Ref. [35] ). This was explained as arising from the relativistic superposition of the local thermal distribution with the velocity field created by radial collective flow [22, 36, 37] . A possible deviation from this systematics observed for the multistrange baryons ⌶ and ⍀ was discussed in Ref. [38] .
The present data together with those recently obtained by NA49 [33, [39] [40] [41] [42] extend the results on mass systematics of the inverse slope parameter to the lower region of SPS energy and more species of emitted particles, from pions to deuterons. A compilation is shown in Fig. 5 . The previous observation of an increase of the inverse slope parameter with increasing mass of emitted particles in central Pb+ Pb collisions at 158A GeV is supported by the measurements at 40 and 80 A GeV beam energies. It is also seen from the figure that the inverse slopes for light particles ( − and K ± ) show no visible variation with beam energy (within errors) whereas for heavier species (p, d, ⌳, and ) the inverse slopes exhibit a systematic increase with increasing beam energy in the SPS energy range.
As mentioned above, the deuterons are assumed to be formed through the coalescence of protons and neutrons at the very latest stage of the reaction. Due to space-momentum correlation, most probably caused by radial collective flow, the slope parameter of deuterons is much higher than that of protons at all energies. Since deuterons are formed at freezeout, they have not experienced directly the push of collective motion, but they contain the flow effect accumulated by their constituent nucleons. In order to explain the higher slope of deuterons as compared to protons quantitatively, one has to assume a uniform density distribution of the source with a sharp surface (boxlike profile) as was considered by Polleri et al. [23] and by Scheibl and Heinz [24] , while a Gaussian shape was employed in the coalescence model of Llope et al. [43] .
The deuteron measurement together with the measurement of protons allows the determination of the deuteron coalescence parameter B 2 , which can be calculated from Eq.
(1) for A = 2. The resulting values of B 2 at small p t measured in the rapidity bin 2.0Ͻ y Ͻ 2.5 are plotted versus the number of participating nucleons N part in the top panel of Fig. 6 . They are compared with data deduced from the NA52 experiment [17] . Good agreement is observed between both results. The numerical values of B 2 are tabulated in Table IV. In the most central Pb+ Pb interactions the coalescence parameter ͑B 2 Ӎ 4.5ϫ 10 −4 GeV 2 / c 3 ͒ is nearly one-tenth of that measured for the most peripheral events, thus exhibiting a strong centrality dependence. This observation resembles the drastic drop of B 2 with increasing energy and may also imply a changing effective freeze-out volume of the emission source arising from the dynamics of the expansion.
The B 2 parameter can be related through the coalescence models to the size of the particle emission source [4] [5] [6] [7] . The dynamics of the collisions is believed to be important for the coalescence mechanism. The model [24] explicitly considers rapid collective expansion of the collision zone in a density matrix approach for coalescence and finds the connection between the value of B 2 and the volume of homogeneity (the It is important to note that the radius parameters used for comparison should be taken at similar m t values in both the HBT and coalescence analysis, i.e., at m t near the nucleon mass. For this calculation the dependence of HBT radii on N part measured for pions at m t = 0.2 GeV/ c 2 [44] was scaled to m t Ӎ m p using the m t dependence of HBT radius parameters obtained from the correlation study of [44] , pp [45] , and KK [46, 47] pairs each of them measured at different m t values in central 158A GeV Pb+ Pb collisions.
It is observed that the effective source radius derived from B 2 rises more steeply with increasing N part than that obtained from the HBT analysis. Towards central collisions an obvious discrepancy develops. Moreover, there is also a difference in the energy dependence of the coalescence and HBT radii. Namely, the difference in B 2 in central Pb+ Pb collisions at 40 and 158 A GeV suggests about 30% difference in the coalescence radii for these energies, which is not seen in the HBT radii [44] .
The dependence of the coalescence parameter B 2 on the deuteron transverse mass m t − m is displayed in Fig. 7 for three centrality regions covering ͑0-12͒ % ,͑12-33͒% and ͑33-100͒% of tot . The solid lines are exponential fits of the form B 2 ͑m t ͒ = a exp͓c͑m t − m͔͒. The figure demonstrates that the coalescence probability B 2 increases at large m t values in all three centrality selected data samples. This effect is connected to the difference in inverse slopes between deuterons and protons and can be explained as a consequence of the interplay between transverse flow and the constant source density profile [23, 24] . While the first two more central bins represent reasonably exclusive cuts on event geometry, the third more peripheral bin represents events averaged over a large range in collision geometry. However, it is believed that in very peripheral collisions there will be no m t dependence of B 2 because the inverse slopes for deuteron and proton approach the same value (see Fig. 4 ). The AGS [14] and other SPS measurements [18, 19] also reported that B 2 increases with m t , thus exhibiting the same trend as the present results.
It should be noted that the proton and deuteron distributions used for B 2 calculations at 158 AGeV are measured not in exactly the same but partially overlapping rapidity intervals. This introduces some uncertainty which is estimated to be entirely contained within the quoted systematic errors for B 2 . To give the numerical values, if the proton data at rapidity 2.4Ͻ y Ͻ 2.8 are corrected to the rapidity interval of the deuteron measurements ͑2.0Ͻ y Ͻ 2.5͒ the proton yield dn / dy increases by 5% and the inverse slope decreases by 10-15 MeV at most. This results in an Ϸ10% reduction of B 2 at small m t values and a slightly steeper increase with m t resulting in an about 10% increase at m t − m = 1.0 GeV/ c 2 . For above corrections the proton data from NA49 measured in a wide rapidity range [27, 29] were used.
The B 2 values measured at 40, 80, and 158 AGeV beam energies for central Pb+ Pb collisions are displayed in Fig. 8 and compared to measurements at other energies. The previously observed decrease of B 2 with beam energy is supported by the present measurements. The data show a continuous decrease of B 2 of at least a factor of 2 from AGS to the highest SPS energy.
V. SUMMARY
In central 158A GeV Pb+ Pb collisions near midrapidity the mean transverse mass ͗m t ͘ − m for deuterons ͑Ӎ540 MeV/ c 2 ͒ is considerably larger than that for protons ͑Ӎ415 MeV/ c 2 ͒. Towards more peripheral collisions both decrease converging to ͗m t ͘ − m Ӎ 200-250 MeV/ c 2 . The spectra show a deviation from an exponential behavior at small m t , which is more pronounced in central than in peripheral reactions. The deviation from the simple exponential form was also found for the deuteron and proton m t spectra in central Pb+ Pb reactions at 40 and 80 A GeV incident energies, and the mean transverse mass values are smaller than those in central 158A GeV collisions.
The coalescence parameter B 2 shows a trend to increase at large transverse mass m t . The observed increase in B 2 with transverse mass as well as the larger inverse slope parameter T for deuterons than for protons support a model which assumes that the radial density profile of the emission source is close to a box shape and the transverse expansion velocity profile is nearly linear.
The coalescence factor in the most central bin is measured to be B 2 Ӎ 4.5ϫ 10 −4 GeV 2 / c 3 . It increases by about an order of magnitude when approaching the most peripheral collisions, thus exhibiting a strong dependence on the size of the collision zone. B 2 decreases steadily with beam energy within the SPS energy range.
The radius of the particle emission source derived from the B 2 measurement is in reasonable agreement with that from Bose-Einstein correlations in peripheral and midcentral Pb+ Pb collisions. Approaching central collisions the former rises faster than the value obtained from the correlation analysis.
In summary, the observations are qualitatively consistent with the main features predicted by modern coalescence models that include the presence of a strong collective expansion in high energy nucleus-nucleus collisions of heavy nuclei.
